Background/aims-Vascular endothelial growth factor (VEGF) plays a key role in regulation of tumour associated angiogenesis. In the current study we analysed expression of VEGF and its receptors in human hepatocellular carcinoma (HCC) and investigated the molecular mechanisms of VEGF regulation by hypoxia. (Gut 2001;48:87-96) 
Over the past few years experimental evidence has accumulated which indicates that growth of solid tumours and tumour metastasis are critically dependent on angiogenesis. [1] [2] [3] [4] Tumour cells induce formation of new blood vessels to supply the tumour mass with blood borne nutrients by a process termed "angiogenic switch" which is characterised by over expression of proangiogenic factors paralleled by decreased expression of antiangiogenic factors. 3 4 Among these factors, vascular endothelial growth factor (VEGF), also known as vascular permeability factor, has been identified as one of the most potent inducers of tumour associated angiogenesis. [5] [6] [7] VEGF is a secreted heparin binding homodimeric glycoprotein with a molecular weight of approximately 45 kDa. [5] [6] [7] [8] There are five diVerent molecular species resulting from alternative splicing of the VEGF gene which, according to their number of amino acids, have been termed VEGF 121 , VEGF 145 , VEGF 165 , VEGF 189 , and VEGF 206 . 9 10 VEGF 165 is the predominant isoform secreted by a variety of normal and transformed cells whereas VEGF 206 is rarely expressed 9 and VEGF 145 expression appears to be restricted to the reproductive organs. 11 All isoforms diVer in eYciency of secretion and aYnity for heparin but exert similar biological eVects such as stimulation of mitogenesis, migration of vascular endothelial cells, and an increase in vascular permeability. 9 12 The biological eVects of VEGF are mediated by at least two tyrosine kinase receptors, kinase domain region (KDR) and fms-like tyrosine kinase 1 (flt-1) which bind VEGF with high aYnity. 13 14 Both receptors show an amino acid sequence homology of approximately 44%. The murine homologue of KDR is known as fetal liver kinase 1 (flk-1) and shares 85% sequence identity with human KDR. 15 Both receptors are predominantly expressed in vascular endothelial cells. [16] [17] [18] [19] Binding of VEGF to its receptors causes receptor dimerisation and activation of the intrinsic kinase followed by autophosphorylation of the receptor and subsequent signal transduction. There are significant diVerences with respect to biological relevance between KDR/flk-1 and flt-1. KDR/ flk-1 but not flt-1 can mediate the mitogenic and chemotactic eVects of VEGF and activate signalling pathways such as the mitogen activated protain kinases in endothelial cells. 20 21 The importance of VEGF and its receptors for tumour angiogenesis is supported by several lines of evidence: (i) expression of VEGF and its receptors is elevated in several human tumours compared with normal tissues, which often correlates with higher microvessel density and a poor prognosis, [22] [23] [24] [25] and (ii) inactivation of VEGF by neutralising antibodies 26 27 or retrovirus driven expression of a dominant negative mutant of the VEGF receptor flk-1 in tumour endothelia results in dramatic inhibitory eVects on tumour angiogenesis and tumour growth in vivo. 28 29 Human hepatocellular carcinoma (HCC) is one of the most common neoplasms worldwide, with an estimated incidence of approximately one million new cases annually. 30 Prognosis of advanced HCC remains poor despite improvements in diagnostic modalities over the past years. 30 The fate of HCC patients is critically aVected by multilocular development of the tumour and the presence of distant metastases. HCC is generally well known to be extensively vascularised and the occurrence of primary intrahepatic and lung metastases suggests its mainly haematogenous dissemination. Therefore, it is possible that angiogenesis plays a pivotal role during hepatocellular carcinogenesis. [31] [32] [33] [34] However, little is known of the expression pattern of the VEGF/VEGF receptor system and the physiologically relevant factors controlling VEGF gene expression in human HCC. Hence in this study we examined expression of VEGF and its receptors in human HCC and investigated the molecular mechanisms of hypoxia mediated VEGF expression in hepatocellular tumour cells.
Materials and methods

MATERIALS
The following were purchased: Dulbecco's modified Eagle medium (DMEM), RPMI 1640 medium (Gibco, Berlin, Germany); UltraCulture medium (BioWhittaker, Verviers, Belgium); fetal calf serum (FCS) (Biochrom, Berlin, Germany); DNA molecular size markers, oligo(dT) primers, Moloney murine leukaemia virus (M-MLV), and restriction enzymes (Bethesda Research Laboratories (BRL), Bethesda, Maryland, USA); Thermus aquaticus DNA polymerase (Pharmacia, Uppsala, Sweden); colorimetric Bradford protein assay (Bio Rad Laboratories, Hercules, California, USA); polyclonal rabbit anti-VEGF antibody, polyclonal rabbit anti-KDR/flk-1 antibody, and polyclonal anti-flt-1 antibody (Santa Cruz Biotechnology, Santa Cruz, California, USA); monoclonal mouse anti-CD31 (dianova, Hamburg, Germany); and RNAzol B (Wak-Chemie Medical, Bad Soden, Germany); all other chemicals and reagents were purchased from Sigma Chemical Co. (Deisenhofen, Germany). Human HCC cell lines HuH7, SkHepG1, and HepG2 were obtained from the American Type Tissue Culture Collection (ATCC).
IMMUNOHISTOCHEMICAL ANALYSIS
Immunohistochemical analysis of surgically resected formalin fixed, paraYn embedded tissue samples was carried out using the alkaline phosphatase/antialkaline phosphatase method after pressure cooker antigen retrieval. New fuchsin was used as a developer and sections were counterstained with haemalum. A rabbit polyclonal antibody at a 1:200 dilution was used for VEGF, a rabbit polyclonal antibody at a 1:100 dilution for KDR/flk-1, a rabbit polyclonal antibody at a 1:200 dilution for flt-1, and a mouse monoclonal antibody at a 1:100 dilution for CD31. Two independent approaches were used to confirm the specificity of the observed immunohistochemical signal: (i) serial dilution of the primary antibody until the signal disappeared; and (ii) preimmune rabbit IgG as first antibody which failed to reveal relevant staining. Slides were analysed independently by two observers.
IN SITU HYBRIDISATION
Sense and antisense 35 S-cRNA probes were prepared from human cDNAs subcloned into pBluescript KS vectors: a 517 bp fragment of VEGF 121 cDNA was subcloned into an SmaI site; a 1080 bp fragment of flt-1 cDNA was subcloned into Sall and NotI sites; and a 1400 bp fragment of KDR was subcloned into a BamIII site. VEGF sense probes were generated by T7 polymerase following digestion with EcoRI, and antisense probes were obtained by T3 polymerase after BamHI digestion. Sense and antisense KDR cRNA probes were obtained from Xba I and EcoRI restricted templates using T3 and T7 polymerases, respectively. Sense and antisense flt-1 cRNA probes were obtained from Sall and Not I restricted templates. In vitro transcribed cRNAs were labelled with [ 35 S]UTP (1250 Ci/mmol; New England Nuclear, Boston, Massachusetts, USA). Specific activity routinely obtained was 1.2×10 9 to 1.4×10 9 cpm/µg as measured by liquid scintillation counting. Prehybridisation, hybridisation, washing procedures, and RNase digestion of mismatched sequences as well as autoradiography were performed as described previously. 35 In brief, sections were treated with 0.2 M HCl, digested with pronase, and fixed in 4% paraformaldehyde/phosphate buVered saline (PBS). Slides were acetylated, rinsed again in PBS, dehydrated in graded ethanols, and air dried prior to hybridisation. Hybridisation was performed for 18 hours at 52°C using 5×10 HuH7, SkHepG1, and HepG2 cells were plated in 12 well plates in growth medium overnight. After washing with PBS, cells were switched to serum free UltraCulture medium. Conditioned medium was collected after 16 hours of normoxic or hypoxic incubation, centrifuged to remove floating cells, and stored frozen at −20°C. Cells were lysed by lysis buVer (2 mM EDTA, 20 mM Tris (pH 7.8), 150 mM NaCl 2 , 50 mM -glycerol phosphate, 0.5% NP40, 1% glycerine, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 5 µg/ml aprotinin, 10 mM sodium fluoride, 2 µM leupeptin, and 2 mM phenylmethyl sulphonyl fluoride). Extracts were centrifuged at 15 000 rpm for 15 minutes, and protein concentration in each supernatant was determined by colorimetric Bradford protein assay. VEGF concentrations were assessed by a commercial human VEGF specific ELISA (Quantikine, R&D Systems) following the manufacturer's instructions, and normalised to protein content.
TRANSIENT TRANSFECTION EXPERIMENTS
HepG2 cells were transfected with 1.5 µg of VEGF-luciferase reporter constructs containing diVerent lengths of the 5' flanking region of the human VEGF gene promoter coupled to the promoterless luciferase reporter vector pAH 1409 (the various luciferase constructs are shown schematically in fig 7) and 1.5 µg of the -galactosidase expression vector -Gal. Transient transfection assays were performed using the calcium phosphate-DNA precipitation method with the calcium phosphate mammalian cell transfection kit (5 Prime→ 3 Prime, Inc., Boulder, USA) following the manufacturer's instructions. In brief, 2×10 5 cells were plated in six well dishes for 24 hours. Prior to transfection, cells were changed to fresh culture medium and incubated with calcium phosphate-DNA precipitate for six hours. After washing with PBS, cells were switched to UltraCulture medium and allowed to recover for 24 hours in a 5% CO 2 -95% air incubator at 37°C. Cells were then switched to fresh UltraCulture medium and one of the two triplicate dishes from each transfection was transferred to a modular incubator (Nuaire IR Auoflow; Zapf, Sarsteedt, Germany) which was flushed with 1% O 2 -5% CO 2 -94% N 2 and incubated for 16 hours. Cell extracts were prepared using reporter lysis buVer (Promega) and measured for luciferase and -galactosidase activity. -Galactosidase activity was determined by hydrolysis of o-nitrophenyl--Dgalactopyranoside (Promega) using 50 µl of cell extract at 37°C for two hours, as measured by A 405 . Luciferase activity was determined using 50 µl of cell extract. The reaction was initiated by injection of 100 µl of luciferase assay substrate (Promega). Light production was measured for 15 seconds using a Lumat LB 9501 (EG&G Berthold, Bad Wildbad, Germany), and results were expressed as relative light units. Relative luciferase activity was calculated as Luc (relative light units per 50 µl cell extract)/ -Gal (A 405 per 50 µl cell extract per two hours).
REVERSE TRANSCRIPTASE
Total RNA was isolated using the RNAzol kit following the manufacturer's instructions. Reverse transcription (RT) of RNA from hepatocellular tumour cell lines was performed using 2 µg of total RNA, 25 ng of oligo(dT) primer, 1 mM dithiothreitol, 6 mM Mg Each RT product (5 µl) was amplified by polymerase chain reaction (PCR). For amplification of VEGF a sense primer (5'-CGAAGTGGTGAAGTTCATGGATG-3') and an antisense primer (5'-TTCTGTATC AGTCTTTCCTGGT-3') were generated according to published sequences. 31 These primers recognise all known VEGF splice variants. cDNAs were amplified by 1 unit of Taq-DNAPolymerase in a 20 µl reaction mixture containing 10 mM Tris HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 200 µM of each deoxynucleoside triphosphate, and 40 pM of each primer. Amplification conditions for 40 cycles were as follows: denaturation at 94°C for one minute, annealing at 60°C for one minute, extension at 72°C for one minute, and finally a 10 minute extension at 72°C. For each experimental condition, one RNA aliquot was amplified without having been subjected to the RT reaction. Each PCR reaction product (5 µl) was run on a 1% agarose gel and visualised using ethidium bromide.
PCR FOR VEGF 165 AND -ACTIN For amplification of -actin and VEGF 165 , primer sequences were chosen using the commercial PcGene software package (Intelligentics, Geneva, Switzerland) on published cDNA sequences retrieved via the internet from the GeneBank database. The acceptable primer length was 20-24 bp and primers contained comparable GC contents, usually in the range 45-60%. The resulting PCR products were chosen to span at least two exons and the antisense primer had to be within the first 1000 bp upstream of the polyadenylation site. Selected primer sequences are given in table 1. cDNAs were amplified by 1 unit of Taq-DNAPolymerase in a 50 µl reaction mixture containing 10 mM Tris HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM of each deoxynucleoside triphosphate, and 40 pM of each primer. Amplification conditions for 30 cycles were as follows: denaturation at 94°C for 40 seconds, annealing at 63°C for one minute, extension at 72°C for one minute, and finally a seven minute extension at 72°C. PCR reactions were carried out in a total volume of 50 µl for 30 cycles. One quarter of the PCR reaction products were run on a 2% agarose gel and visualised using ethidium bromide.
QUANTITATIVE COMPETITIVE RT-PCR
Quantitative competitive RT-PCR is based on coamplification of a known amount of an artificial DNA (so called competitor) with diVerent amounts of cDNA. If the amplification eYciencies of the competitor and the original PCR template are equal, it is possible to determine the cDNA concentration of a specific PCR template by measuring the ratio of competitor and wild-type PCR products. Competitors were constructed using a "semi nested" PCR technique as previously described. 36 Wild-type PCR products were reamplified using combined (so called mimic) sense primers, which bind 80-120 bp downstream of the original sense primer but contain the original sense primer sequence at their 5' ends (used primer sequences are given in table 1). This results in 10-29% shorter amplicons than the wild-type PCR products that contain the same primer binding sequences at their ends. These competitor constructs were purified by agarose gel electrophoresis followed by gel extraction using the commercial Qiaquick gel extraction kit (Qiagen, Santa Clarita, USA). Concentrations of the competitors were measured by densitometry of the ethidium bromide stained agarose gels. Equal amplification eYciencies for each competitor and the corresponding wild-type PCR product were verified by reamplification of diVerent diluted mixtures of both PCR products. Only competitor constructs showing equal wild-type/competitor ratios before and after reamplification were used further for competitive PCR. For quantitative PCR, five serial 1:3 dilutions of cDNA derived from one RT were coamplified with fixed amounts of one of the diVerent competitors. The optimal amount for each competitor construct was established in initial pilot experiments. After amplification, wild-type and competitor PCR products were separated in 2% agarose gels and stained with ethidium bromide. Digital images of the stained gel were taken using the Quick-Store-plus-ii system (MS Laborgeräte, Heidelberg, Germany) with an integrated UV light tray and CCD camera. Densitometry of PCR products was performed using the ScionImage software package (Scion Corporation, Frederick, Maryland, USA). The logarithm of the density ratios (wild-type/competitor) was plotted against the logarithm of cDNA dilution. At the competition equivalence point (log (density ratio)=0), the initial target cDNA is diluted to the concentration (w/v) of competitor added. This allows calculation of the molar concentration of the target wild-type PCR product in cDNA. Expression of the VEGF sequence was normalised to expression of the -actin message in the same cDNA sample. 
Figure 1 Expression of vascular endothelial growth factor (VEGF) in human hepatocellular carcinoma (HCC). Immunostaining with polyclonal VEGF antibody (A, C) and in situ hybridisation with 35 S labelled antisense cRNA for VEGF (B, D). VEGF was expressed by HCC cells (A, B) and epithelial cells of bile ducts (C, D). Exposure time for
and harvested for RNA after 0, 0.5, 1, 2, 3, 4, and 6 hours. Total RNA was isolated using the RNazol kit following the manufacturer's instructions. The amount of VEGF 165 mRNA was determined using RT competitive PCR as described above. The experiment was repeated three times. The half life of VEGF 165 mRNA was calculated by drawing the best fit linear curve on a log linear plot of VEGF mRNA (% of normoxic controls) versus time.
STATISTICAL ANALYSIS Statistical diVerences were evaluated by one way analysis of variance (ANOVA). Statistical analyses were performed using GraphPad statistical software (San Diego, California, USA). DiVerences were considered statistically diVerent if p<0.05.
Results
EXPRESSION OF VEGF IN HUMAN HCC AND LIVER
CIRRHOSIS
By using a 35 S labelled cRNA probe encoding for human VEGF 121 , we analysed 15 surgically resected human HCCs that contained adjacent cirrhotic liver tissue as well as two normal human liver specimens. We observed a strong hybridisation signal for VEGF in 13 of 15 carcinomas (87%). VEGF mRNA was located over tumour cells throughout the tumour but specific enhancement of the hybridisation signal was observed in the areas directly adjacent to necrotic foci ( fig 1B) . VEGF hybridisation signals were also present in hepatocytes of cirrhotic liver in 11 of 15 (73%) cases and in normal liver (data not shown) but VEGF mRNA expression was considerably less intense compared with HCC specimens. Additionally, we observed specific VEGF mRNA expression in epithelial cells of bile ducts ( fig  1D) . Results of in situ hybridisation are summarised in table 2. A similar expression pattern for VEGF protein was observed after immunostaining with a polyclonal antibody specific for human VEGF (fig 1A, C) . To confirm the specificity of the VEGF expression pattern observed by in situ hybridisation we analysed a sense cRNA in parallel, which did not reveal any significant hybridisation signal (data not shown).
EXPRESSION OF VEGF RECEPTORS IN HUMAN HCC AND CIRRHOTIC LIVER
Using a monoclonal antibody against the endothelial cell specific antigen CD31, we detected a considerable number of blood vessels surrounding tumour cells (fig 2A) . In situ hybridisation using 35 S labelled cRNA probes specific for human KDR/flk-1 and flt-1 revealed that both VEGF receptors were expressed in tumour endothelial cells. KDR/ flk-1 mRNA was detected in 13 of 15 (85%) and flt-1 in eight of 15 (53%) HCCs (fig 2C,  2E) . In contrast, hybridisation signals for KDR/flk-1 were detected in only six of 15 cirrhotic tissue specimens and no hybridisation signal was detected in liver cirrhosis after hybridisation with the human flt-1 antisense probe (data not shown). To confirm the specificity of the hybridisation signal, tissue sections were processed with a sense cRNA in parallel, which did not reveal any significant hybridisation (fig 2D, F) . Results of in situ hybridisation data are summarised in table 2. Immunostaining with polyclonal antibodies specific for human KDR/flk-1 and flt-1 confirmed the expression pattern observed using in situ hybridisation.
EXPRESSION OF VEGF IN HUMAN HCC CELL LINES
Pronounced upregulation of VEGF in HCC tumour cells directly surrounding the presumably hypoxic necrotic areas suggests hypoxia as
Figure 3 Expression of vascular endothelial growth factor (VEGF) in human hepatocellular carcinoma (HCC) cell lines. (A) Analysis of VEGF mRNA transcripts by reverse transcription-polymerase chain reaction (RT-PCR) using primers specific for all known isoforms. The size of the indicated bands of 403 and 535 bp was determined by a 100 bp ladder and correspond to VEGF 121 and VEGF 165 , respectively. RT−, PCR without reverse transcription. (B) Expression of VEGF protein: a VEGF specific ELISA was used to determine VEGF concentrations in supernatants and cell extracts of the indicated cell lines and normalised to protein content. Mean (SEM) of three experiments, each performed in triplicate.
HuH7
SkHepG1 HepG2 31-34 37 although little is currently known of the molecular mechanisms responsible for VEGF upregulation. Furthermore, expression of the biological target structures (for example, the VEGF receptor) in normal and malignant transformed human liver has not been investigated. Hence we aimed to evaluate the expression pattern of VEGF receptors in HCC tissues and the molecular events underlying VEGF upregulation.
Figure 4 Hypoxia mediated induction of vascular endothelial growth factor (VEGF) protein in human hepatocellular carcinoma (HCC) cell lines. VEGF specific ELISA was used to determine VEGF concentrations in supernatants (A) and cell extracts (B) of the indicated cell lines incubated either under normoxic (21%
Using immunohistochemistry and in situ hybridisation we found that a high percentage of human HCC samples expressed significant amounts of KDR/flk-1 (87%) and flt-1 (53%) in endothelial cells. In contrast, we observed positive signals for KDR/flk-1 in endothelial cells of cirrhotic liver in only six of 15 (40%) tissue specimens and no expression of flt-1 was detected in cirrhotic liver. This implicates de novo expression of both VEGF receptors in HCC compared with non-transformed liver. Therefore, concurrent upregulation of VEGF and its receptors observed in the current study appears to be a critical event in induction of angiogenesis on malignant transformation in human liver. This is supported by recent observations derived from an experimental murine model of HCC. According to that study, tumour growth induced by VEGF over expression was almost completely abolished by a specific KDR/flk-1 neutralising antibody. 38 Clarification of the mechanisms underlying VEGF/VEGF receptor upregulation in vivo is therefore of great interest to improve our understanding of the pathophysiology involved in HCC associated angiogenesis.
In agreement with previous studies, 31-34 37 we demonstrated strong expression of VEGF in a large percentage of human HCC samples accompanied by a considerable number of blood vessels surrounding the tumour cells. Using immunohistochemistry and in situ hybridisation, we detected VEGF expression in tumour cells as well as in non-tumoral hepatocytes. However, VEGF expression was much stronger in tumour cells compared with hepatocytes in normal or cirrhotic liver. Interestingly, we also detected VEGF mRNA and protein expression in epithelial cells of bile ducts in all examined cases. The biological significance of VEGF in normal liver is poorly understood although VEGF expression in liver cirrhosis has been suggested to result from proinflammatory cytokines released by infil- 33 . Furthermore, VEGF expression is known to be induced by insulin-like growth factor II 39 which is highly expressed in cirrhotic liver and HCC tissues. 40 Despite these observations, the molecular basis of VEGF over expression in HCC remains incompletely understood. In situ hybridisation analysis in the current study revealed a heterogeneous pattern of VEGF mRNA transcripts over HCC tumour cells with pronounced expression observed in tumour cells immediately adjacent and surrounding necrotic (presumably hypoxic) regions, suggesting that hypoxia may trigger angiogenesis via induction of perinecrotic VEGF expression (compare fig 1) . Regions of low oxygen (hypoxia) and necrosis are common features of solid tumours and a marked elevation in VEGF expression in tumour cells around necrotic areas has been suggested in some neoplasms. 22 25 41-44 Based on our observation that hypoxia may play a central role in VEGF upregulation in HCC, we analysed hypoxia regulated VEGF gene expression in human HCC cell lines in more detail.
Using RT-PCR and VEGF specific ELISA, we found that all three cell lines expressed VEGF mRNA and protein. In agreement with previous studies, we observed that VEGF 121 and VEGF 165 were the predominantly expressed VEGF isoforms in human HCC cells. 31 34 These two isoforms share a common signal peptide which results in cellular secretion and detection in culture supernatants. Consequently, we first examined the eVect of hypoxia on secreted and cellular VEGF protein. Incubation of human HCC cell lines under hypoxic conditions resulted in a pronounced increase in VEGF protein concentration in all three cell lines. The mechanisms by which oxygen tension controls VEGF expression is not fully understood. Several lines of evidence indicate that enhanced VEGF expression in response to hypoxia is due to transcriptional activation 45 46 as well as mRNA stabilisation. [47] [48] [49] [50] In addition, an internal ribosome entry site ensures eYcient translation of VEGF mRNA, even under hypoxic conditions. 51 To further characterise the underlying mechanisms responsible for VEGF stimulation by hypoxia, we investigated the eVects on VEGF mRNA expression. We observed a substantial increase in VEGF mRNA concentrations suggesting that hypoxia mediated upregulation of VEGF occurs mainly at the pretranslational level. To further elucidate the molecular mechanisms responsible for hypoxia mediated induction of VEGF gene expression in HCC cells, we performed mRNA half life experiments and tested a series of 5' deletion constructs of human VEGF promoter reporter constructs for their ability to mediate transcriptional responses to hypoxia. We observed that at least two distinct molecular mechanisms contribute to the observed increase in VEGF mRNA concentration in HepG2 cells under hypoxic conditions. Stabilisation of VEGF mRNA after 16 hours of hypoxic treatment was found to contribute to hypoxia induced VEGF mRNA expression, demonstrating a nearly doubling of VEGF mRNA stability in HepG2 cells. Induction of hypoxia mediated VEGF mRNA stabilisation observed for HCC tumour cells was similar to that previously observed for human glioblastoma, 47 human melanoma, 49 and for rat phaeochromocytoma (PC12). 50 Stabilisation of VEGF mRNA is thought to be mediated, at least in part, by hypoxia augmented binding of proteins to its 3' untranslated region. Recently, a single 125 bp AU rich element in the 3' untranslated region of human VEGF mRNA has been identified that forms hypoxia inducible RNA binding complexes with a series of hypoxia induced proteins in human melanoma cells. 51 Whether these mechanisms are also operative in HCC is currently under investigation.
Stabilisation of VEGF mRNA by hypoxia could not fully account for the extent of the observed induction of VEGF mRNA concentrations. To investigate if transcriptional mechanisms are involved in hypoxia mediated upregulation of VEGF mRNA steady state concentrations, we tested the 5´flanking region of the human VEGF gene for hypoxia responsive elements by transient transfection with a series of deletion constructs. The highest responsiveness to hypoxia was observed with reporter plasmids containing the VEGF promoter regions −2018 to +50 and −1286 to +50. Hypoxia mediated induction of luciferase activity was approximately 10-fold and was significantly reduced to threefold by deletion of the sequences between −1286 and −789. An additional but less marked loss of induction occurred with deletion of the promoter region −85 to −52. Transcriptional upregulation of VEGF in response to hypoxia appears to be mediated mainly by the hypoxia regulated transcription factor HIF-1 which accumulates under hypoxic conditions and activates VEGF gene transcription through binding to specific promoter sequences. 45 46 51-53 Significant reduction of luciferase activity after deletion of the sequence between −1286 and −789 indicates a substantial contribution of the −975 putative HIF-1 binding site to transcriptional activation of the VEGF gene under hypoxic conditions. Nucleotide sequences located between −789 and +50 still appeared somewhat responsive to hypoxia but these increases failed to reach statistical significance compared with normoxic controls.
In summary, concurrent upregulation of VEGF and its receptors suggests that VEGF may play an important role in tumour associated angiogenesis in HCC. Furthermore, hypoxia seems to be an important driving force for angiogenesis during tumour progression in human HCC through upregulation of VEGF gene expression by at least two distinct molecular mechanisms: activation of VEGF gene transcription and an increase in VEGF mRNA stability.
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